We previously reported that the activity of mesolimbic dopamine neurons of the ventral tegmental area (VTA) is a key determinant of behavioral susceptibility vs resilience to chronic social defeat stress. However, this was based solely on ex vivo measurements, and the in vivo firing properties of VTA dopamine neurons in susceptible and resilient mice, as well as the effects of antidepressant treatments, remain completely unknown. Here, we show that chronic (10 d) social defeat stress significantly increased the in vivo spontaneous firing rates and bursting events in susceptible mice but not in the resilient subgroup. Both the firing rates and bursting events were significantly negatively correlated with social avoidance behavior, a key behavioral abnormality induced by chronic social defeat stress. Moreover, the increased firing rates, bursting events, and avoidance behavior in susceptible mice were completely reversed by chronic (2 week), but not acute (single dose), treatments with the antidepressant medication fluoxetine (20 mg/kg). Chronic social defeat stress increased hyperpolarization-activated cation current (I h ) in VTA dopamine neurons, an effect that was also normalized by chronic treatment with fluoxetine. As well, local infusion of I h inhibitors ZD7288 (0.1 g) or DK-AH 269 (0.6 g) into the VTA exerted antidepressant-like behavioral effects. Together, these data suggest that the firing patterns of mesolimbic dopamine neurons in vivo mediate an individual's responses to chronic stress and antidepressant action.
Introduction
Antidepressants acutely induce a rapid increase in monoamine neurotransmission in the brain, but the mood-elevating effects of these medications in depressed patients, effects that are absent in healthy humans, take several weeks to months to manifest (Oswald et al., 1972; Nestler et al., 2002; . These clinical observations suggest that antidepressants induce gradually developing changes in brain uniquely in affected individuals. In previous studies, we characterized a chronic social defeat stress model of depression, one of the few in which chronic stress-induced molecular and behavioral changes are responsive to chronic, but not acute, antidepressant administration . Using this model, we demonstrated that the mesolimbic dopamine system, a depression-related neural pathway (Fibiger and Phillips, 1981) composed of dopaminergic (DA) neurons of the ventral tegmental area (VTA) and their projections to the nucleus accumbens, plays an essential role in social defeat-induced behavioral abnormalities , and we inferred that the activity of VTA DA neurons, measured in brain slices ex vivo, is a key determinant of behavioral susceptibility vs resilience to social defeat Feder et al., 2009 ). These earlier results were surprising, since they showed increased VTA firing ex vivo, a proreward effect, in susceptible but not resilient mice, raising the question of whether such an increase is relevant to the in vivo situation.
It is well known that VTA DA neurons exhibit two patterns of spontaneous firing activity: a slow-frequency, single-spike firing and a burst firing. The burst-firing mode generates a substantially larger increase of dopamine release than single spiking, and more effectively regulates the activity of neurons in DA target areas, by which VTA DA neurons encode reward-related signals (Grace et al., 2007) . However, while burst-firing activity is functionally very important, it is absent in VTA slice preparations (Kitai et al., 1999) . In the present study, we used this established depression model to investigate the effects of social defeat on the in vivo firing properties of VTA DA neurons. Furthermore, we studied the effects of acute and chronic fluoxetine, a widely prescribed antidepressant, in this model to test whether these neurons might contribute to antidepressant action.
Materials and Methods
Animals. Seven-week-old C57BL/6 male mice (Jackson Laboratories) and CD1 retired breeders (Charles River) were used for these studies. All experiments were conducted in accordance with guidelines of the Institutional Animal Care and Use Committees at University of Texas Southwestern Medical Center and Mount Sinai School of Medicine.
Chronic social defeat stress. This paradigm was performed exactly as reported . C57BL/6 mice were exposed to a different CD1 aggressor mouse each day for 10 min over a total of 10 d. On day 11, a social interaction test (Ethovision 3.0 software) identified subgroups of susceptible and resilient mice. This was accomplished by placing mice in an interaction test box, with their movement tracked for 2.5 min in the absence and presence of a caged, unfamiliar target CD1 mouse, respectively. The interaction ratio was calculated as 100 ϫ (interaction time, target present)/(interaction time, target absent). Based on our previous work, an interaction ratio of 100 was set as a cutoff: mice with scores Ͻ100 were defined as "susceptible" and those with scores Ն100 were defined as "unsusceptible" or resilient.
Fluoxetine treatment. Fluoxetine (20 mg/kg; Eli Lily and Company) in PBS was administered through intraperitoneal injection daily at 4:00 -5:00 P.M. for 14 -27 d in susceptible and control mice.
In vivo recordings. In vivo extracellular single-cell recordings were performed using published methods (McClung et al., 2005; Mameli-Engvall et al., 2006) . Mice were anesthetized with 8% chloral hydrate (400 mg/kg, i.p.). Microelectrodes (15-20 M⍀) were filled with 2 M NaCl with 1% fast green (to mark location of the electrode tip). Coordinates for the VTA were as follows (in mm): anteroposterior (AP), 2.92-3.88; midline (ML), 0.24 -0.96; and dorsoventral (DV), 3.5-4.5.
DA cells were identified by anatomical location in the VTA (fast green check) and according to standard physiological criteria (Marinelli and White, 2000; McClung et al., 2005) . These neurons exhibited the following: (1) a typical triphasic action potential with a marked negative deflection; (2) a characteristic long duration (Ͼ2.0 ms); (3) an action potential width from start to negative trough Ն1.1 ms; and (4) a slow firing rate (Ͻ10 Hz) with an irregular single spiking pattern and occasional short, slow bursting activity. Two criteria were used to confirm burst firing: (1) onset was defined by two consecutive spikes within an interval Ͻ80 ms; and (2) termination with an interval Ͼ160 ms.
Electrical signals were amplified and filtered (0.3-1 kHz bandpass) by an extracellular preamplifier (Dagan) and monitored audibly through an audio monitor (A.M. Systems). Signals were digitized with an Instru Tech ITC-18 analog-to-digital converter. The data were analyzed using IGOR Pro software (WaveMetrics).
Each DA cell's firing was based on at least 5 min of stable recordings in vivo. Each recording was analyzed with respect to the following parameters: (1) average firing rates; (2) percentage of burst-firing cells (burstfiring cell was defined as at least one burst event in a 5 min recording period, percentage of burst-firing cells ϭ number of burst-firing cells/ number of total recorded cells ϫ 100%); (3) percentage of spikes within bursts (number of spikes within bursts/total number of spikes ϫ 100%); and (4) average number of spikes in a burst (total number of spikes in burst/number of burst events).
Whole-cell recordings. VTA brain slices were obtained as described previously . Whole-cell voltage-clamp was used to observe hyperpolarization-activated cation (I h ) current in VTA DA neurons. The pipettes (2-4 M⍀) were filled with internal solution containing the following (in mM): 115 K-gluconate, 20 KCl, 1.5 MgCl 2 , 10 phosphocreatine-Tris, 2 Mg-ATP, 0.5 Na 2 -GTP, and 10 HEPES. DA neurons were identified by the presence of an I h (Saal et al., 2003) . I h currents were elicited by repetitive 800 ms pulses with 10 mV increments from a holding potential of Ϫ60 to Ϫ140 mV in the presence of kynurenic acid (1 mmol/L) and 100 mol/L picrotoxin. A patch-clamp amplifier (Axon 700B) was used for voltage-clamp recording. Signals were digitized with an Instru Tech ITC-18 analog-to-digital converter. Data were analyzed using IGOR Pro software (WaveMetrics).
VTA micro-infusion of I h inhibitors. Chronically stressed and nonstressed mice received a VTA infusion of the I h inhibitors ZD7288 or DK-AH 269, or PBS as control. Specifically, 48 h after their last defeat stress (or control condition), mice were placed under a combination of ketamine (100 mg/kg) and xylazine (10 mg/kg) anesthesia before bilateral implantation of 26 gauge guide cannulae fitted with obturators (Plastics One) that were secured to the skull after being positioned 1 mm directly above the VTA (AP, Ϫ3.2; ML, 0.4; DV, Ϫ3.6 mm) (supplemental Fig. S1 , available at www.jneurosci.org as supplemental material). After 6 -8 d of postoperative recovery, simultaneous bilateral microinjections of ZD7288 (0.1 g), DK-AH 269 (0.6 g), or PBS were delivered through an injector cannula in a total volume 0.4 l/side at a continuous rate of 0.1 l/min under the control of a micro-infusion pump (Harvard Apparatus). Concentrations of ZD7288 and DK-AH 269 were selected based on earlier in vivo studies (Chevaleyre and Castillo, 2002; Kocsis and Li, 2004) . Injector cannulae were removed 2 min after the stopping of each infusion, and mice remained undisturbed in their home cages for an additional 3 min (ZD7288) or 60 min (DK-AH 269) before testing for social interaction behavior.
Statistics. Data are expressed as mean Ϯ SEM. One-way ANOVAs followed by a Newman-Keuls post hoc test were used to compare three or more groups in behavioral and in vivo recording data.
2 tests were used to analyze the change of percentage of bursting cells. Two-way ANOVA was performed when analyzing I h currents and behavioral data for infusion of ZD7288 or DK-AH 269. p Ͻ 0.05 was considered statistically significant. GraphPad Prism 5 was used for all statistical analyses.
Results
Mice subjected to chronic social defeat were segregated into susceptible and resilient subpopulations based on their social avoidance, which correlates with several other behavioral abnormalities . Sixty to 70 percent of mice subjected to this paradigm fell into the susceptible subgroup in this study. Susceptible mice spent significantly less time interacting with other mice compared with controls, a phenomenon absent in resilient mice ( Fig. 1 A, B ) (F (2,38) ϭ 22.03, p Ͻ 0.0001) (supplemental Fig. S2 , available at www.jneurosci.org as supplemental material). We then obtained extracellular single-unit recordings from 195 putative VTA DA neurons in anesthetized control, susceptible, and resilient mice. Consistent with previous ex vivo findings from brain slices , chronic social defeat induced a 43.8% increase in spontaneous firing rates in susceptible mice, with no effect seen in resilient mice (Fig.  1C,D) (F (2,192) ϭ 12.54, p Ͻ 0.0001). Moreover, there was a significant inverse correlation between the average VTA firing rate for each animal and its social interaction time (Fig. 1 E) (n ϭ 35, p Ͻ 0.05), directly relating increased VTA firing in vivo with the deleterious effects of chronic stress.
Importantly, we further found that the firing patterns of VTA DA neurons were dramatically altered by chronic social defeat stress; 43.1% (28/65) of VTA DA neurons recorded from control mice showed at least one burst-firing event in a 5 min recording period. This percentage of bursting cells increased to 68.0% (49/ 72) in susceptible mice (Fig. 1 F) ( 2 ϭ 13.00, p Ͻ 0.01), while it was not changed in the resilient subgroup (39.7%, 23/58). The percentage of spikes within bursts, and the number of spikes in a burst, were dramatically increased in susceptible mice, with no significant increase observed in resilient mice (Fig. 1 H, F (2,97) ϭ 11.50, p Ͻ 0.001; Fig. 1 J, F (2,97) ϭ 5.68, p Ͻ 0.01). Furthermore, the average change in bursting events for each animal also inversely correlated with its social interaction time (Fig. 1G, I , K ) (n ϭ 35, p Ͻ 0.05). Consistently, firing rates were significantly correlated with the percentage of spikes within bursts for each group, suggesting that the increased firing rates were associated with the increase of bursting events (Fig. 1 L) (n ϭ 35 per group, p Ͻ 0.05). These findings demonstrate that chronic social defeat induces in vivo maladaptations in the overall firing rate and phasic firing patterns of VTA DA neurons uniquely in susceptible animals, suggesting that such changes play an important role in mediating the deleterious effects of social defeat.
We have shown previously that avoidance behavior induced by chronic social defeat can be normalized by chronic but not acute administration of antidepressants . Therefore, we asked whether antidepressant treatment reverses the defeat-induced firing maladaptations of VTA DA neurons in susceptible mice. We subjected mice to chronic social defeat, identified susceptible mice with a social interaction test on day 11, and then treated susceptible and control mice with fluoxetine (20 mg/kg) or vehicle for ϳ20 d (Fig. 2 A) . Separate groups of animals received vehicle injections for 19 d and a single injection Figure 1 . ChronicsocialdefeatstressincreasesthefiringratesandburstingeventsinVTADAneuronsinsusceptible,notresilient(unsusceptible),mice.A,Timelineofchronicsocialdefeat,behavioraltesting,andinvivo recordingprotocols.B,Thetimespentintheinteractionzoneduringasocialinteractiontest(***pϽ0.0001vscontrolorunsusceptible;8-20mice/group).C,Sampletraces,burstingevents,andspikesforinvivorecordings from VTA DA neurons from control, susceptible, and unsusceptible mice. D, Overall VTA firing rates in control, susceptible, and unsusceptible mice (***p Ͻ 0.0001 vs control or unsusceptible mice, n ϭ 58-72 cells, 15 mice/group). E, Average VTA firing rate for each mouse is significantly negatively correlated with the time spent in interaction zone measured on day 11 ( p Ͻ 0.05, n ϭ 35 mice). F, H, J, Burst-firing events of VTA DA neurons, including percentage of burst-firing cells, percentage of spikes in bursts, and number of spikes in a burst, were increased in susceptible, not unsusceptible, mice (**p Ͻ 0.01, ***p Ͻ 0.001 vs controlorunsusceptiblemice;nϭ23-49cells,8 -15mice/group).G,I,K,Theaveragechangesoftheseburstingeventsforeachanimalalsoinverselycorrelatedwithitssocialinteractiontime( pϽ0.05;nϭ 35 mice). L, Scatter plot of the bursting activity and firing rates of all neurons recorded from control, susceptible, and unsusceptible mice. Note the large number of VTA DA neurons in susceptible mice with high firingrateandmoreburstingactivity.Firingratesaresignificantlypositivelycorrelatedwithpercentageofspikesinburstsinallthreegroups,suggestingtheincreasedfiringrateswereassociatedwiththeincrease of bursting events (control: r 2 ϭ 0.127, n ϭ 65 cells/15 mice, p Ͻ 0.001; susceptible: r 2 ϭ 0.0952, n ϭ 72 cells/12 mice, p Ͻ 0.001; unsusceptible: r 2 ϭ 0.0758, n ϭ 58 cells/8 mice, p Ͻ 0.05).
of fluoxetine on day 20. We first replicated published findings at the behavioral level, namely, that chronic, but not acute, fluoxetine administration fully reversed social defeat-induced avoidance behavior (Fig. 2 B, F (2,15) ϭ 14.23, p Ͻ 0.01). We then performed in vivo recordings of VTA DA neurons in control and susceptible mice the day after this social interaction test. We found that acute or chronic treatment with fluoxetine did not change either the overall firing rates (Fig. 2C ,E) (F (2,138) ϭ 0.45, p Ͼ 0.05) or bursting events (Fig. 2 F-H ) (percentage of burstfiring cells: 2 ϭ 0.09, p Ͼ 0.05; percentage of spikes within bursts: F (2,49) ϭ 0.14, p Ͼ 0.05; average number of spikes in a burst: F (2,49) ϭ 0.20, p Ͼ 0.05) in VTA DA neurons of control mice. However, chronic fluoxetine treatment fully normalized the defeat-induced increased firing rate and burst events of VTA DA neurons in susceptible mice, while acute fluoxetine had no effect on these parameters. Chronic fluoxetine induced a 23.8% decrease in overall firing rates (Fig. 2C-E) (F (2,151) ϭ 6.42, p Ͻ 0.0001) and decreased the percentage of bursting cells from 73.8 to 51.1% (Fig. 2 F) ( 2 ϭ 6.70, p Ͻ 0.05), the percentage of spikes in bursts from 28.3 to 13.6% (Fig. 2G) (F (2,100) ϭ 3.68, p Ͻ 0.05), and the number of spikes in a burst from 3.52 to 2.52 spikes (Fig.  2 H) (F (2,100) ϭ 4.95, p Ͻ 0.01). There were a small number of VTA DA neurons with high firing rates and more bursting activity in susceptible mice after chronic fluoxetine treatment (Fig.  2 I) . Together, these results suggest that fluoxetine's reversal of these in vivo firing properties of VTA DA neurons are involved in antidepressant action in the social defeat model. Next, we studied the possible ionic mechanisms that underlie the social defeat-induced changes in VTA firing properties. It is well known that I h channels, expressed in VTA DA neurons, can intrinsically regulate its pacemaker activity and the transition from single spike to burst mode (Neuhoff et al., 2002; ArencibiaAlbite et al., 2007; Inyushin et al., 2010) . Recent studies have shown that I h current is involved in adaptations of VTA DA neurons to corticotrophin-releasing factor (CRF) (Wanat et al., 2008) . We, therefore, speculated that an increase in excitatory I h Figure 2 . Chronic treatment with fluoxetine normalizes stress-induced maladaptations of VTA DA neurons in susceptible mice. A, Timeline of chronic social defeat, behavioral testing, treatment with fluoxetine, and in vivo recording protocols. B, Chronic, not acute, administration of fluoxetine normalized defeat-induced avoidance behavior in susceptible mice (**p Ͻ 0.01 vs susceptiblevehicle mice, 5-7 mice/group). C, Sample traces for in vivo recordings from VTA DA neurons from susceptible mice with acute or chronic treatment with vehicle or fluoxetine. D, Cumulative probability distribution plots of VTA firing rates in susceptible mice after acute or chronic treatment with vehicle or fluoxetine. E, Acute or chronic treatment with vehicle or fluoxetine did not change the firing rates of VTA DA neurons in control mice ( p Ͼ 0.5, n ϭ 46 -48 cells, 5 mice/group), and chronic, not acute, administration of fluoxetine normalized the increased firing rates of VTA DA neurons in susceptible mice (***p Ͻ 0.001 vs susceptible-vehicle or susceptible-acute mice; n ϭ 43-64 cells, 5-6 mice/group). F-H, Acute or chronic treatment with vehicle or fluoxetine did not change burst events of VTA DA neurons in control mice ( p Ͼ 0.5, n ϭ 20 -21 cells, 5 mice/group), however, chronic, not acute, administration of fluoxetine reversed the increased burst events of VTA DA neurons in susceptible mice (*p Ͻ 0.05, **p Ͻ 0.01 vs susceptible-vehicle or susceptible-acute mice, n ϭ 22-45 cells, 5-6 mice/group). I, Scatter plot of percentage of spikes in bursts and firing rates of all neurons recorded from susceptible-vehicle (n ϭ 61), susceptible-acute (n ϭ 50), and susceptible-chronic (n ϭ 43) mice. Note the small number of VTA DA neurons with high firing rates and more bursting activity in susceptible mice after chronic treatment with fluoxetine.
current may contribute to the changes in firing rate and bursting pattern of VTA DA neurons in susceptible mice. To test this possibility, whole-cell voltage-clamp recordings were obtained to measure I h current from DA neurons in VTA slice preparations of control and susceptible mice with or without chronic treatment with fluoxetine. VTA DA neurons were identified electrophysiologically by the presence of a large I h current (Saal et al., 2003) . We found that chronic social defeat dramatically increased I h current in VTA DA neurons in susceptible mice (Fig. 3 A, B ) (F (2,146) ϭ 6.83, p Ͻ 0.0001), suggesting that I h , as an intrinsic factor, contributes to social defeat-induced increases in the electrical excitability of VTA DA neurons. To test the role of I h channels in mediating the effects of social defeat, we infused the I h channel inhibitors ZD7288 or DK-AH 269 into the VTA and examined their effects on the deleterious behavioral consequences of chronic social defeat stress. Both ZD7288 and DK-AH 269 significantly reversed stress-induced social avoidance without altering general locomotor activity (Fig. 3C) (F (2,49) ϭ 9.67, p Ͻ 0.001; no interaction, p Ͼ 0.05). Consistent with this finding, the defeat-induced increase in I h current in VTA DA neurons was largely reversed by chronic fluoxetine treatment (Fig. 3 A, B ) (F (2,146) ϭ 6.83, p Ͻ 0.01).
Discussion
We show here that chronic social defeat induces maladaptations in the in vivo firing properties of VTA DA neurons, and in an associated ionic mechanism, that are tightly correlated with stress-induced behavioral abnormalities. Moreover, we show that chronic (not acute) treatment with fluoxetine normalizes these defeat-induced maladaptations at the behavioral and electrophysiological levels.
There is increasing interest in the involvement of the mesolimbic dopamine system in depression given its role in hedonia and motivation (Nestler and Carlezon, 2006) . However, functional changes in VTA DA neurons that mediate depression-like behaviors and antidepressant action remain controversial. Some studies found that a deficiency in dopaminergic function may contribute to the pathogenesis of depression such as in Flinders Sensitive Line rats, a genetic model of depression . The deficiency can be restored to normal levels by chronic antidepressant treatment . In contrast, other studies found increased activity of VTA DA neurons in stress-induced depression models such as after chronic restraint or social defeat (Anstrom and Woodward, 2005; Krishnan et al., 2007) . Here, we show that the in vivo firing rate and bursting properties of VTA DA neurons are dramatically increased in susceptible mice but not in resilient mice, consistent with our previous findings in brain slices . Recently, deep brain stimulation (DBS) of lateral habenula (LHa) was found to induce remission in a treatmentresistant depressed patient (Sartorius et al., 2010) . There is consistent evidence showing that stimulation of LHa inhibits the activity of VTA DA neurons (Christoph et al., 1986; Ji and Shepard, 2007 ). Hence, it is possible that the clinical efficacy of LHa DBS is mediated via inhibition of VTA DA neuron activity, consistent with our social defeat model.
We demonstrate that the increased firing of VTA DA neurons seen after chronic social defeat is mediated, at least partly, via increased I h current. I h not only regulates VTA DA neuron tonic firing, but also regulates the transition between single spike and burst firing (Arencibia-Albite et al., 2007; Inyushin et al., 2010) . Interestingly, enhanced I h current is observed not only in susceptible mice, but in resilient mice as well (166% increase over nondefeated controls, p Ͻ 0.01). This finding suggests that resilience is associated with additional adaptations that compensate for the increase in I h . Indeed, we have shown previously that resilience uniquely is associated with induction of several K ϩ channel subunits , which could normalize VTA firing rates despite the enhanced I h . Likewise, we show here that chronic fluoxetine treatment normalizes the increased firing rate of VTA DA neurons in susceptible mice, as well as the defeat-induced increase in I h current. Many neurotransmitters such as CRF and glutamate are known to regulate I h currents (Wanat et al., 2008) . Further work is needed to understand the detailed mechanisms by which fluoxetine, which acts initially to enhance serotoninergic neurotransmission, regulates I h current in VTA DA neurons after chronic administration.
Firing adaptations of VTA DA neurons have also been observed in mouse models of other psychiatric disorders such as drug addiction and bipolar disorder (McClung et al., 2005; Roybal et al., 2007) , suggesting that a range of stress-associated psychiatric disorders may share some common neural circuits and even cellular and ionic mechanisms. Manipulation of VTA DA Figure 3 . I h channels in VTA DA neurons were involved in defeat-induced avoidance behavior and action of fluoxetine. A, I h currents were elicited by repetitive 800 ms pulses with 10 mV increments from a holding potential of Ϫ60 to Ϫ140 mV. Sample traces recorded from control-vehicle, susceptible-vehicle, and susceptible-fluoxetine mice. B, Chronic social defeat increased I h currents in VTA DA neurons, which was almost completely reversed by chronic treatment with fluoxetine (***p Ͻ 0.0001 vs control-vehicle mice, ## p Ͻ 0.01 vs susceptible-fluoxetine mice, n ϭ 35-66 cells, 10 -12 mice/group). C, Infusion of I h channel inhibitor ZD7288 or DK-AH 269 into VTA significantly reversed the stress-induced social avoidance (**p Ͻ 0.01, ***p Ͻ 0.001; n ϭ 6 -11 mice).
neuronal excitability with various methods, such as pharmacological tools, optogenetic approaches, or deep brain stimulation, could be an effective treatment strategy for these disorders.
